Saccharomyces cerevisiae grown on glucose (1 %, w/v) medium exhibited diauxic growth because of the transition from catabolite-repressed fermentative metabolism to derepressed oxidative metabolism. 3-Hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase; EC 1 . 1 . 1 .34) was subject to catabolite repression and required cytoplasmic protein synthesis for derepression. The addition of glucose (2%, w/v) at up to 4 h prior to glucose exhaustion had no effect on subsequent derepression of HMG-CoA reductase, suggesting that the enzyme was irreversibly committed to derepression at this stage. However, other derepressible enzyme activities such as NAD-dependent glutamate dehydrogenase (EC 1 .4.1,2) and malate dehydrogenase (EC 1 . I . 1 .37) did not show a commitment to derepression at this time. In contrast, NADPdependent glutamate dehydrogenase (EC 1.4.1 .4) was induced by the addition of glucose.
INTRODUCTION
The metabolism by Saccharomyces cerevisiae of rapidly fermentable sugars, such as glucose, results in aerobic glycolysis and the repression of respiration. This catabolite repression is characterized by the inhibition of synthesis of respiratory enzymes and of components involved in the biogenesis of mitochondria. Catabolite derepression occurs after the fermentable sugar is exhausted, or if the cells are grown on a non-fermentable carbon source, and is typified by the presence of fully functional mitochondria supporting oxidative metabolism (for a review see Linnane & Haslam, 1970) .
Cells growing on a medium containing low concentrations of glucose (l%, w/v) exhibit diauxic behaviour with respect to growth and physiology. This cultural regime has provided a convenient system for the study of the transition between catabolite-repressed and catabolitederepressed states (Polakis & Bartley, 1965; Perlman & Mahler, 1974; Quain & Haslam, 1979 a, b) . However, complete exhaustion of glucose is not necessarily a prerequisite for the cataboli te derepression of all affected enzymes, because in Schizosaccharornyces pornbe derepression of respiratory enzyme activities occurs at a glucose concentration of 0.2% (w/v) (Poole & Lloyd, 1973) . Furthermore, Perlman & Mahler (1974) distinguished two phases of catabolite derepression during diauxic growth. The 'fermentative phase' of derepression was characterized by the derepression of enzyme activities before the external glucose concentration fell below 0.4% (w/v). Only mitochondrial respiratory chain activities, such as cytochrome oxidase, failed to be derepressed unless the external glucose concentration fell below 0.1 % (w/v), and this is referred to as the 'oxidative phase' of derepression. Perlman & Mahler (1974) also showed that the fermentative phase of catabolite derepression did not require mitochondrial protein or RNA synthesis and was unaffected by the presence of the respiratory chain inhibitor, antimycin A; in contrast, the oxidative phase of derepression required all of these mitochondrial functions.
The effects of the addition of glucose to catabolite-derepressed cultures have been investig--f Present address: Bass Research Laboratory, Bass Brewing Limited, High Street, Burton-on-Trent DE 14 IJZ, U.K.
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ated in studies of catabolite inactivation (for a review see Holzer, 1976) and in studies of the mechanism of catabolite repression (Zitomer & Nichols, 1978 ; Zitomer et al., 1979) . However, little attention has been directed towards the study of the effects of the addition of glucose prior to, or during, catabolite derepression. Chandrasekaran et al. (1978) have shown that the addition of glucose at the start, or in the early stages, of catabolite derepression resulted in the immediate repression of respiration and components dependent on mitochondrial protein synthesis. The effects of glucose addition on the formation of the products of cytoplasmic protein synthesis differed; for a limited period, such components increased in activity even relative to catabolitederepressing control cultures run in parallel but, after a few hours, addition of glucose resulted in repression.
We investigated changes in the specific activities of 3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase, EC 1 . 1 . 1 .34), NAD-dependent glutamate dehydrogenase (NAD-GDH, EC 1 .4.1.2), NADP-dependent glutamate dehydrogenase (NADP-GDH, EC 1 .4.1.4) and malate dehydrogenase (MDH, EC 1.1.1 .37) during and just after the exhaustion of glucose in the medium, and compared the effects of adding a high glucose concentration (2%, wlv) prior to glucose exhaustion on the ensuing activities of the enzymes in test and control cultures. The four enzymes studied have different responses to the presence of glucose. In yeast there are two isoenzymes of MDH, one is located in the mitochondria and the other is cytoplasmic (van Rijn & van Wijk, 1972) . The mitochondrial form is subject to catabolite repression (van Rijn & van Wijk, 1972) whereas the cytoplasmic isoenzyme is susceptible to rapid catabolite inactivation by glucose (for a review see Holzer, 1976) . The catabolic NAD-GDH is subject to catabolite-repression (Beck & Meyenberg, 1968; Nufiez de Castro et al., 1970; Perlman & Mahler, 1974; Mahler et al., 1975) , whereas the anabolic NADP-GDH is induced by glucose (Polakis & Bartley, 1965) and was measured as a control in these studies. Quain & Haslam (1979a) showed that HMG-CoA reductase is also subject to catabolite repression.
M E T H O D S
Yeast strain. Strain AB 1 of S. cerevisiae was supplied by Allied Breweries (Production), Burton-on-Trent, and maintained as described previously (Quain & Haslam, 1979~) .
Sampling andpreparation of cell-free extracts. Yeast (10 pg dry wt ml-I) was inoculated into six 1 1 cultures containing glucose (l%, w/v) and grown aerobically at 30 "C on a rotary shaker (180 r.p.m.). After 10 h of growth, 650 ml of culture was removed from a shake flask, harvested and the cells homogenized in a Braun homogenizer as described by Quain & Haslam (1979a) . Glucose (equivalent to 2%, w/v) was added to the remaining 350 ml of culture. This process was repeated at 1 h intervals with four separate cultures. After 17 h growth, all cultures, including a control culture without glucose addition, were harvested and cell extracts prepared. In the control culture glucose was exhausted from the medium after 14 h of growth.
The involvement of protein synthesis in the derepression of HMG-CoA reductase was investigated by adding inhibitors to single 11 diauxic cultures (Quain & Haslam, 1979a,b) at the point of glucose exhaustion. The additions, dissolved in ethanol (7 ml), were cycloheximide (50 pg ml-I), erythromycin (1 mg ml-I) and both cycloheximide and erythromycin (at 50 pg ml-' and 1 mg ml-I, respectively). Two control cultures were established, one without any addition and one plus ethanol (7 ml). Cells were harvested after 0, 3 and 7 h of catabolite derepression; cell-free extracts were prepared and specific activities of 3-hydroxy-3-methylglutaryl-CoA reductase were determined.
Enzyme assays. The homogenates prepared as described above were centrifuged at 8000 g for 10 min, incubated with Triton X-100 (0.5%, v/v) and stored at -17 "C as described previously (Quain & Haslam, 1 9 7 9~) . Cell extracts were thawed once only prior to enzyme assay.
HMG-CoA reductase activity was assayed as described by Quain & Haslam (1979~) . MDH was assayed in the presence of 0.1 % (v/v) Triton X-100 according to the method of Vary et af. (1969) ; no attempt was made to distinguish between mitochondrial and cytoplasmic forms of the enzyme. NAD-GDH and NADP-GDH were determined as described by Mazon (1978) . All assays were in triplicate. Endogenous oxidation of nicotinamide nucleotides was corrected by initiating, in parallel, a control incubation lacking substrate. Preliminary experiments established that HMG-CoA reductase and MDH increased in activity by 200% and 50%, respectively, after 8 h incubation in the derepression system of Mahler et al. (1975) .
The present study was conducted during the final stages of glucose ( I %, w/v) exhaustion (1 0 to 14 h) and up to the time at which growth on ethanol recommenced (17 h). During this period the specific activities of the catabolite-repressed enzymes HMG-CoA reductase, NAD-GDH and MDH more than doubled. After 17 h, the activities of the three enzymes continued to increase, and at 30 h, when the cells were growing exponentially by ethanol oxidation, the specific activity of HMG-CoA reductase was eight times the repressed activity (Quain & Haslam, 1979a) , and extensive increases in the activities of the other enzymes also occurred (for a review see Linnane & Haslam, 1970) . The specific activities of HMG-CoA reductase, MDH and NAD-GDH at 10 h are similar to the fully repressed values found in cultures growing on high (5 or lo%, w/v) concentrations of glucose (Table 1) . Between 10 and 14 hof growth on glucose (1 %, w/v) medium, the glucose concentration declined to zero.
Growth then ceased until 17 h when oxidative growth commenced (Quain & Haslam, 1979a) . Figure 1 (a) shows changes in glucose concentration and the growth curve between 10 h and 17 h. The addition of glucose (2%, w/v) to cultures at hourly intervals in the period (10-14h) just prior to the exhaustion of glucose would be expected to result in the continuation of repression. The specific activities of NAD-GDH, NADP-GDH, MDH and HMG-CoA reductase were determined in all cultures after 17 h of culture growth, including a control incubation. Although enzyme activities continue to increase for up to 30 h, 17 h was chosen as the reference time because the increases are already large and the cells have not yet started to grow oxidatively at this time.
The concentrations of residual glucose in the medium at the point of glucose addition and at the end of the experiment are presented in Fig. 1 (b) and growth data for the interval between glucose addition and 17 h in Fig.  1 (c) . The earlier the addition of glucose, the lower the concentration of glucose at the end of the experiment and the greater the amount of biomass formed.
Other analytical procedures. Cell-free extracts were dialysed against water overnight and protein was
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determined, in the presence of SDS (0-5%, w/v), by the Lowry method. Glucose and cell dry weight were determined as described previously (Quain & Haslam, 19790) . Ammonia was assayed using the phenol/sodium nitroprusside/alkaline sodium hypochlorite procedure (Weatherburn, 1967).
RESULTS
Efects of glucose addition on changes in enzyme activities during the early stages of catabolite derepression The course of derepression and the effects of glucose (2%, w/v) added at times between 10 and 14 h are shown in Fig. 2 . The open histograms show that HMG-CoA reductase and NAD-GDH respectively doubled and trebled in specific activity between 10 and 17 h. MDH activity did not appreciably increase in activity until 14 h, but then doubled between 14 and 17 h. Figure 2 ( d ) (open histograms) shows that the specific activity of the anabolic NADP-GDH was not significantly affected by the decreasing glucose concentration.
The hatched histograms represent the specific activities of the enzymes, after different periods of catabolite repression produced by the addition of glucose (2%, w/v). The anabolic and catabolic forms of glutamate dehydrogenase responded to glucose supplementation in opposite ways (Fig. 2c,d ). In agreement with Nufiez de Castro et al. (1970) , the anabolic NADP-GDH was induced by glucose addition, exhibiting higher activities than that of the partially derepressed control. In contrast, glucose supplementation prevented the derepression of NAD- Fig. 2c, hatched histograms) , with the result that the specific activity was typical of catabolite-repressed cells. The observed repression of NAD-GDH was not caused by an increase in the level of ammonium ions, which would strongly repress the activity of the enzyme (Polakis & Bartley, 1965; Roon & Even, 1973) . Ammonia concentrations were measured : they decreased from 290 to 196 pg ml-l in the control experiment and from 290 to 118 pg ml-I in the experiment where maximum growth occurred [glucose (2%, w/v) added at 10 h].
GDH (
The addition of glucose during the fermentative phase of derepression maintained the activity of malate dehydrogenase at repressed levels. This suggests that the activities of both cytoplasmic and mitochondrial malate dehydrogenase were unable to increase in the presence of glucose; this agrees with previous observations that derepression of mitochondrial protein synthesis is required for an increase in the activity of mitochondrial malate dehydrogenase, and that the cytoplasmic isoenzyme is inactivated by proteolysis triggered in the presence of glucose (Neeff et al., 1978) .
In contrast to MDH and NAD-GDH, HMG-CoA reductase activity was not repressed by the addition of glucose prior to the exhaustion of glucose. At the end of the experiment, cultures growing exponentially on the extra glucose exhibited 80-90% of the HMG-CoA reductase activities found in the partially derepressed control cells harvested at the same time. We suggest that HMG-CoA reductase is committed to derepression, even when the glucose concentration is as high as 0.8 % (w/v), and is not repressed by the subsequent addition of a further high concentration of glucose (2%, w/v).
The rates of derepression of HMG-CoA reductase, NAD-GDH and MDH were only slightly affected by declining glucose concentration ( < 0.8 %, w/v) from 10 to 14 h and after the cessation of growth (14 h to 17 h), but the derepression of total MDH occurred rather more slowly than that of the other two enzymes (Fig. 3) . The latter observation may be explained by the fact that derepression of the mitochondrial and cytoplasmic malate dehydrogenases occur at different stages. In the presence of glucose the cytoplasmic form of malate dehydrogenase is subject to
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proteolytic degradation (Neeff et al., 1978) and the steeper rise in total activity after 13 h may represent the extra contribution of this isoenzyme.
Efect of inhibitors of protein synthesis on derepression
The increase in the activities of all repressible mitochondrial enzymes during derepression is inhibited by cycloheximide; which inhibits cytoplasmic protein synthesis, but is also partly prevented by inhibitors of mitochondrial protein synthesis such as erythromycin, which prevent the development of normal mitochondrial membranes (for review see Linnane & Haslam, 1970) . The derepression of HMG-CoA reductase was completely prevented by cycloheximide (Fig. 4) ; indeed there was a slight decrease in activity during the 7 h incubation. Erythromycin initially inhibited the activity of the enzyme, but a significant increase in activity occurred between 3 and 7 h after the addition of the antibiotic. Perlman & Mahler (1974) reported that a number of enzymes, including MDH and NAD-GDH began their derepression before the external glucose concentration fell below 0.4% (w/v)-Our results agree with this, and show that the same is true of the derepression of HMG-CoA reductase. However, in the strain of S . cerevisiae used in the present work, catabolite derepression began with the external glucose concentration fell below about 0.8 % (w/v).
DISCUSSION
The addition of glucose to catabolite-repressed cells has been shown to prolong the repression of respiration (Chandrasekaran et al., 1978) . The present study shows that the addition of glucose to cells prior to the exhaustion of glucose resulted in a return to repression of MDH and NAD-GDH. However, glucose supplementation does not result in repression of HMG-CoA reductase, even when extra glucose (2%, w/v) is added when the residual glucose concentration is as high as 0.84% (w/v), and the specific activity at the time is typical of fully cataboliterepressed cultures (Quain & Haslam, 1979a) . We suggest, therefore, that HMG-CoA reductase is fully committed to catabolite derepression well before the glucose is exhausted.
The term 'commitment' has been defined as a physiological point of no return (Mandelstam, 1971) . Whether the commitment of HMG-CoA reductase to catabolite derepression is a reflection of long-lived mRNA molecules is not known, Certainly, although the half-life of cytochrome c mRNA in S. cerevzsiae is about 13 min in both catabolite-repressed and derepressed cells (Zitomer et al., 1979) , there is evidence for extremely long-lived mRNA in eukaryotes (Harris, 1974) and for differential rates of mRNA degradation (Stiles et al., 1976) . HMG-CoA reductase, which forms mevalonate from HMG-CoA, appears to be the ratelimiting enzyme in sterol synthesis in yeast (Quain & Haslam, 1979a; Downing et d., 1980) and in higher eukaryotes (for reviews see Rodwell et al., 1976; Brown & Rodwell, 1980) , where the enzyme is subject to stringent regulation. In rat liver the activity of HMG-CoA reductase is regulated by a complex cascade control system involving protein kinases, protein phosphatases and a phosphatase inhibitor protein (Beg et al., 1978; Ingebritsen et al., 1978 ). An increase in cellular cAMP concentration ultimately causes an increase in the inactive phosphorylated form of the reductase. As yet there is no evidence for a similar system in yeast. Several groups of workers have shown that cAMP reverses catabolite repression of respiration and various mitochondrial enzymes in S . cereozsiae (Fang & Butow, 1970; Mahler & Lin, 1978) and there is circumstantial evidence that cAMP is involved in transcriptional control, but the alternative possibility of the modulation of enzyme activity by cAMP also exists. The present observation that cycloheximide inhibits the derepression of HMG-CoA reductase shows that a protein is required for the increase in activity. The protein could be the enzyme itself and/or a protein activator of the enzyme. Bard & Downing (1981) have recently presented genetic evidence for the presence in yeast of an inhibitor of HMG-CoA reductase which could be one of several of the inhibitory proteins in the scheme of Ingebritsen et al. (1978) .
In view of these complexities, it will be necessary to prepare antibodies to the purified reductase and use them to isolate and assay both active and inactive forms of the enzyme in order to determine whether the increase in activity observed during derepression represents enzyme synthesis and/or enzyme activation. This and the possible role of CAMP in triggering derepression and maintaining the commitment to derepression of the reductase is under current investigation in our laboratory.
It is hard to explain why yeast HMG-CoA reductase should be committed to derepression at a stage when the formation of other mitochondrial enzymes can be reversed. However, the commitment to derepression may reflect the coordination of the synthesis of sterols and other membrane polyisoprenoids derived from mevalonate with cell growth, as has been shown in cultured mammalian cells (for a review see Brown & Goldstein, 1980) . In yeast the oxidative phase of diauxic growth will produce a particular requirement for sterols and ubiquinone in the biosynthesis of mitochondrial membranes plus a general need for sterols in the elaboration of all cell membranes as growth recommences.
